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Introduction
The first papers on cicatrisation or the process of epidural fibrosis after neurosurgical procedures date back to the 1970s [4, 26, 27, 43] . Developments and progress in the field of spinal surgery have caused the number of patients undergoing these procedures to multiply [4] . Long-term postoperative observations have demonstrated excessive cicatrisation within the spinal canal and its dural and neural components to be one of the factors adversely affecting the postoperative period [10, 26, 28, 30, 41, 42] . We observed this improper cicatrisation involving the neural elements after the dura and arachnoid matter damage in the different neurosurgical procedures. Epidural fibrosis is considered to be one of the mechanisms that may be responsible for postoperative pain [30, 41, 42] . Cicatrisation is a part of the natural and normal healing process that makes any surgery possible, but excessive or inappropriate scar formation is an adverse process in the surgical context.
In neurosurgery, excessive cicatrisation can lead to neurological symptoms and pain. Its prevention is based on three methods specifically designed to significantly reduce epidural fibrosis, adhesion and/or excessive cicatrisation. The first method is based on minimizing the surgical field exposure using microscopic and endoscopic approaches [16, 27, 28, 43] . The second method involves the formation of an isolation barrier made of autogenous materials, and the third method uses heterogeneous materials (gels, separate films, artificial membranes) intended to prevent ex cessive scarring or modify the process of scar formation. This problem and its related adverse effects (e.g. pain) continue to affect many different branches of human medicine despite many studies that have demonstrated promising results using these materials. Over the last 10 years, different artificial materials have been used following discectomies, and their effectiveness has been assessed. These materials include Gore-Tex surgical membranes [29] , gels with polyethylene oxide and carboxymethylcellulose [12, 35] , and sodium hyaluronate [19] . Artificial materials used in neurosurgical procedures can cause a disadvantageous granulomatous process [1] . Experimental studies in recent years have also used hyaluronic acid, hemostatic gelatin (Floseal; Baxter International Inc.), DuraGen, monoclonal antibodies, mitomycin and aprotinin, TachoComb, bioresorbable films and hydrogels [3, 5, 7, 8, 19, 22, 25, 34, 40] .
On the other hand, following the Central Nervous System damages the glial scar formation is a reactive cellular process involving astrogliosis [13] and it is the mechanism to protect and begin the healing process in the nervous system. It is known that the absence of the glial scar has been associated with impairments in the repair of the BBB (blood brain barrier) [9] .
The present paper reviews available methods to prevent improper scar formation and provides an assessment of the local use of new biodegradable membranes manufactured using nanotechnology (electrospinning of nanofibers) to prevent excessive scarring.
Material and methods
N Na an no of fi ib br ro ou us s m ma at te er ri ia al ls s
Membranes manufactured using electrospinning were used to create an anti-scarring barrier in an experi mental (rat) laminectomy model.
Electrospinning (electrical spinning) is a convenient method for producing nanomaterials. Nanofibers are manufactured at room temperature, which enables the production of membranes made of temperature-sensitive materials (e.g. polyhydroxy esters) [24] or proteins [23] . Different types of drugs or even living cells can be incorporated into the material. Materials of biological significance are produced using the electrospinning process [2, 14, 31] , and described in detail elsewhere [33] . Briefly, when the stream of a polymer so lution is subjected to a high electrical field (range: 0.1-1 kV/cm), the filament of the solution begins to bend and spin, creating a thin yarn of polymer (diameter ranging from 2 nm to micrometer size).
In our experiment, the spinning distance was 20 cm, the electric potential was 15 kV, and the solution through put was 0.500 µl/h. A rotating drum covered with aluminium foil served as a nanofibrous mat collector. The polymer used for electrospinning was poly(L-lactide-co-caprolactone) (PLCL), which was composed of 70% L-lactide and 30% caprolactone units and is known commercially as Purasorb 7015 (Purac Biochem BV, Gorinchem, the Netherlands). The electrospinning solution was made of 9% polymer dissolved in a mixture of solvents (chloroform + dimethylformamide, mass proportions 16 : 1).
Poly(L-lactide-co-caprolactone) is medically approved material and is a member of a family of polyesters used for surgical sutures, drug delivery systems and antiadhesion materials. This research is based on shaping a known material into a new form.
Nanofiber nets in prevention of cicatrisation in spinal procedures. Experimental study Membranes produced by the electrospinning process have limited permeability, especially for cells, but constant drainage of their degradation products is maintained. In addition, oxygen, nutrients and metabolites can easily diffuse through the membrane. The membrane had a thickness of approximately 60-100 µm, was formed of fibers that were 0.5-1.8 µm thick (Fig. 1) and was more than 80% porous. As such, this material was thick and stable enough to separate healing tissues. Furthermore, it was gradually degraded to minimize the formation of a connective tissue scar, and it was especially effective at minimizing interactions between tissues. It is also important not to leave any foreign material behind to prevent long-term tissue irritation and subsequent scarring.
Degradation of the membrane produces either natural metabolites (lactic acid) or their non-toxic analogues (6-hydroxyhexanoic acid). Both acids are irritating to tissues at high concentrations due to their che mical character, and 6-hydroxyhexanoic acid is 10 times weaker than lactic acid. The fibrous membrane maintained its strength comparable to the performance of solvent-casted membranes, but it was formed from far less material. Thus, inflammation was significantly reduced due to the reduced contact with irritating hydroxyl acids that form during hydrolysis. The material used was also specifically designed not to degrade rapidly so that the healing tissues could be isolated, but it did degrade in a reasonable amount of time to prevent scar formation. The comparison of the degradation time of polyesters in vivo is as follows: (few weeks) PLGA>>PLA>PLCL70>>PCL (up to 2 years). PLGA corresponds to poly(lactic-co-glycolic acid), PLA is poly(lactic acid), PLCL is Purasorb 7015 containing 70% lactate units and 30% 6-hydroxyhexanoate units, and PCL refers to poly(6-hydroxyhexanoic acid), also known as polycaprolactone.
O Op pe er ra at ti iv ve e p pr ro oc ce ed du ur re e An animal model (Wistar rats) was used. The protocol for all experiments was approved by the local Animals Care Committees in accordance with the policies established by the Polish Council on Animal Care No. 15/2010 (IV Local Ethical Committee, 00-725 Warsaw 30/34, Chelmska Str.). Animals (eight rats in every experimental group) -adult male Wistar rats weighing 150 to 250 g, were anesthetized with 2% halothane and 2 : 1 mixture of nitrous oxide and oxygen. The animals were placed on a heating pad at 36°C during surgery, and then a laminectomy at two levels was performed at the thoracic region to expose the spinal cord and dura.
The thoracic spinal canal was opened using a microsurgical technique. The operation procedure was performed by an experienced neurosurgeon with the use of a high speed drill, operative microscope and a set of microsurgical instruments. The size of the microsurgical instruments was the same for human microsurgery. The two-level laminectomy procedure was performed and the surgical field was divided into two parts. After removing the bone, the operative field dimensions were approx. 4 mm width and 8-9 mm length. In one part of the operation field, the dura covered the spinal cord and was intact, in the second one, the dura was opened and removed using a microsurgical technique with micro knife and micro scissors. The part of the removed dura was approx. 3-4 mm width and 4 mm length. In the operation field, properly prepared two pledges of the nanofiber net were placed, one of them covered the dura and the second one covered the spinal cord. The lateral edge of nanofiber pledge was placed microsurgically under the bone of the spinal canal in order to do fixation.
The animals were divided into specified groups. The A group was a sham in which the full procedure (two-level laminectomy -TLL) was conducted. The B group was subjected to TLL with application of a nanofiber net to the surface of the undamaged dura and undamaged spinal cord. The C group had damaged spinal cord surface. The D group was subjected to TTL F Fi ig g. . 1
1. . The structure of an appropriate nanomaterial without defect; thickness approx. 60 µm, thickness of fibers 0.5-1.8 µm.
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The nanofiber nets were always applied to two locations simultaneously (A and B): A -nanofiber net was applied after removing the dura mater, and Bnanofiber net was applied on the dura mater surface (Fig. 2) .
Then, a multi-layer suturing technique was used for closure and no spinal liquorrhea was observed. In postoperative care animals remained under standard laboratory conditions with free access to food and water, and analgesic drugs (paracetamol) were administered.
The collected specimens were analyzed on days 4, 14, and 30 following perfusion with the use of light and electron microscopy.
After the specified experiment time intervals, the animals were anesthetized and perfused, and their spinal cord specimens were harvested for subsequent light microscopy immunostaining and electron micro scopy. Rats were anaesthetized with Nembutal (80 mg/kg b.w.) and perfused through the ascending aorta with 2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4 (for ultrastructural morphological studies) or with 4% paraformaldehyde in 0.1 M phosphate buffer (PBS), pH 7.4 (for light microscopy studies) for 20 min at 20 o C. The tissue was sampled from the spinal cord according to the experimental procedure (see Table I ). The tissue from control animals was sampled from the matching region of the intact spinal cord.
The material for electron microscopic studies was further fixed in the same solution (2% paraformaldehyde, 2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.4) for 20 h and postfixed in a mixture of 1% osmium tetroxide (OsO 4 ) and 0.8% potassium ferricyanide K 4 [Fe(CN) 6 ]. Then, the material was processed for transmission electron microscopy (JEM-1200EX, JEOL, Japan).
The material for light microscopic studies designed for immunohistochemical (IHC) investigations was further fixed in the same solution (4% paraformaldehyde in 0.1 M phosphate buffer [PBS], pH 7.4) for 2 h. Specimens were subsequently infiltrated in 10% sucrose in PBS, followed by 20% and 30% sucrose solutions infiltration for the following days and then cut on 40-µm-thick sections on a cryostat (Leica, Germany). IHC reactions staining were carried out on free-floating spinal cord sections. Primary antibodies (Abs) against GFAP (1 : 1000, Chemicon, USA) and Vimentin (1 : 400, Santa-Cruz, USA) and secondary antibodies conjugated to HRP (1 : 1000, Bio-Rad, USA) were used. The HRP reaction product was visualized with an SG kit (Vector, Vector Labs, USA). For the analysis of cell morphology several dyes were used. They were haematoxylin &
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eosin (Sigma-Aldrich) and bisbenzimide (Hoechst; Sigma-Aldrich).
To control the immunostaining specificity we performed an experiment in which the primary antibodies were omitted in the incubation mixture. In this experiment we did not detect immunolabeling within the analysed spinal cord sections.
Results
The examination of the spinal cord tissue from the sham group showed no astrocyte induction and no (glial) scar formation. No neurodegeneration occurred in any of the experimental time intervals (Fig. 3, left  panel) .
In the group of rats in which the nanofiber net was applied to the surface of the undamaged spinal cord, no morphological features of neurodegeneration were noted (data not shown). The presence of single macrophages was observed only at the early time points (4 days after application of the nanomaterial). Some astrocytes that were positive for glial fibrillary acidic protein (GFAP) and a few vimentin-immunoreactive astroglial cells were detected (Fig. 4, left panel) . The reaction was temporary and disappeared at the late time point (30 days, data not shown) while it persisted within the spinal cords derived from group C. The results were confirmed by electron microscopic analysis of the experimental material. In cases where the spinal cord tissue was in contact with the nanofiber pledged, no fibroblast cells were identified (data not shown).
The spinal cord tissue sections taken from animals with spinal cord damage (group C) demonstrated massive neurodegeneration characterized by the shrinkage of cells and their processes (Fig. 3, right panel;  Fig. 5 ) and neuronal death at the site of damage.
At 4 days, cellular death was observed in the vicinity of the areas of damage (group C). At 14 days, the region of the spinal cord affected by degeneration and tissue loss grew. Finally, at 30 days after injury, major portions of the dorsal horns of the spinal cord were affected (data not shown). Glial scars composed of astrocytes formed on the wound surface. Astrocytes were positive for GFAP and some astroglial cells forming the scar were positive for vimentin (Fig. 4, middle panel) . Massive astrogliosis and macrophage infiltration were observed in the vicinity of the damage, indicating inflammation (see Table II ). Our earlier observations show that macrophage infiltration is detected up to 10-12 days following the operation.
The ultrastructural imaging confirmed the presence of glial scars formed by numerous astrocytes rich in GFAP fibers (Figs. 5A-B) . The presence of macrophages was also confirmed (Fig. 5B) . Some capillary blood vessels with the ultrastructural features of young vessels were also identified (Fig. 5A ). In the vicinity of the glial scar, many fibroblasts in tight contact with collagen fibrils were also observed (Figs. 5A-B) . The epidural fibrosis invasion was observed. Migrating fibroblasts invaded dura mater and formed connective tissue barrier (data not shown).
The material derived from the animals subjected to laminectomy in which a nanofiber net was applied to the surface of the damaged spinal cord (group D) demonstrated signs of degeneration only at the early post-lesion time points. The moderate and temporal astrogliosis was observed (Fig. 4, right panel) . In the injured area, a thin layer of astrocytes rich in GFAP fibrils was present (Fig. 6) . No excessive fibroblast proliferation was observed (Fig. 6) . The data indicate that the nanofiber net reduced epidural fibrosis in our model. Only single macrophages were found at the early time points following the injury (see Table III ). Nanofiber nets in prevention of cicatrisation in spinal procedures. Experimental study
Discussion
The ideal isolation material for local use in the neurosurgical field must comply with numerous requirements. It should prevent local excessive cicatrisation, avoid the adhesion of tissues but at the same time, it should not inhibit the healing process. In neurosurgical procedures, this material should isolate neuronal structures from the adjacent tissues to prevent scar tissue formation and separate different tissues from each other. Isolation materials are particularly essential for cases of reoperation because they reduce the additional risk of liquorrhea and damage to the neuronal tissue. These materials also must not induce local toxicity or any other local mechanical or chemical effects on adjacent structures (i.e., dural sac and nerve root) that might lead to structural changes. Other important characteristics include not provoking a local inflammatory response but it is known that artificial materials can induce granulomatous and foreign body response [1] . The material itself as well as its degradation products must be recognized by the body as natural metabolites. Both the inherent characteristics and manufacturing process of the isolation material must allow for the determination of the biodegradation period following in situ insertion into the tissues.
Excessive cicatrisation observed after spinal canal procedures is a clinical problem and is assumed to contribute to poor neurosurgical outcomes in approximately 15-20% of patients [15, 26, 30, 41, 42] . The assessment of poor neurosurgical outcomes attributed to excessive cicatrisation and contributing to "failed back syndrome" should involve exclusion of other causes, such as inadequate surgical methods (with its overarching assumption that disc herniation can be treated effectively without the use of optical techniques), recurrent disc herniation, foraminal stenosis, postoperative spinal instability and neuropathic pain as a result of nerve root damage. Symptoms can be attributed to excessive cicatrisation after a proper differential diagnosis has been made. Clinical evaluation is particularly difficult, and it is based on the clinical symptoms reported by the patient (i.e., nerve root pain and low back pain) that need to be correlated with magnetic resonance imaging (MRI) results. MRI provides precise visuali zation of scar tissue. In approximately 24% of patients after spinal canal surgery, the radiological eva lu ation shows a scar surrounding and infiltrating The materials used in the prevention of cicatrisation in human surgery include polytetrafluoroethylene, autogenous adipose tissue, protein polymers, hyaluronate, Adcon-L, Oxiplex/Sp, DuraGen, and DuraSeal Xact Adhesion Barrier (DSX) [10, 11, 12, 16, 18, 20, 21] . These products are currently available and used throughout the world. Many neurosurgical centres in Poland utilise tachocomb (Nycomed) and have demonstrated its effectiveness in preventing cicatrisation. The variability of the products that are currently available and utilized indicates that the problem of excessive cicatrisation is still a concern, and no comprehensive countermeasure has been identified. No studies have demonstrated a complete elimination of excessive cicatrisation. Some publications have reported promising results; however, the ultimate solution to the problem has not been identified.
One of the most promising adhesion barrier preparations is Adcon-L (USA), which is indicated for local administration in the surgical field and acts as a fibroblast inhibitor, decreasing collagen production. Such activity has been confirmed by MRI. Unfortunately, systemic adverse effects of this formulation have been reported, in addition to fistula formation. As a result, the inhibition of local fibroblasts during postoperative wound healing is no longer considered a feasible preventive method, and clinical observations did not demonstrate any positive effect of this approach in the postoperative period [15] [16] [17] [18] . Other methods used to create the anti-adhesion barrier include the application of isolation gel (carboxymethylcellulose and poly(ethylene oxide) (PEO)-based Oxiplex gel, US). However, clinical observation has not demonstrated any positive effects of these formulations in the postoperative period. Furthermore, Oxiplex is contraindicated whenever intraoperative liquorrhea is suspected [20, 21, 35] . The use of synthetic hydrogel (DSX) to form an antiadhesion barrier is a relatively new approach. This barrier disappears approximately 2 months after the surgery, thus constituting an effective anti-adhesion prophylaxis. DSX is also used in other surgical contexts including craniotomies and other surgical specialties. Unfortunately, no long-term clinical observation data have been published to date [6, 32] .
Many experimental studies have been conducted with the aim of developing new formulations to prevent excessive cicatrisation [5, 8] . Studies have also been performed with membrane films as anti-adhesion barriers. However, the properties of these films may induce a local inflammatory response.
During the in vivo hydrolytic degradation of polyhydroxy acids (PHA), monomeric hydroxyl acids are formed. Solvent-casted polymeric membranes accumu late these hydroxyl acids. The acids serve as autocatalysts that speed up the hydrolytic degradation pro cess, and the thicker the materials, the faster the degradation. At the final stage of hydrolysis, there is not enough room for the acid in the polymer, causing a burst of hydroxyl acids that may then cause inflammation.
The fibrous structure is also important for membrane stability. Thick materials made of polyhydroxyesters undergo hydrolytic degradation when implanted, and the degradation products accumulate in the membrane. The method used to prevent the accumulation of hydroxyl acids is the creation of membranes from nanofibers that are easily drained by biological fluids. A class of biopolymers, aliphatic polycarbonates, has been extensively researched by previous authors [36] [37] [38] [39] and was found to be free of autocatalytic hydrolysis.
The new experimental isolating material assessed comprises electrospun membranes formed from micro-and nanometre-sized fibers. The degradation products of these membranes are drained by biological fluids, and thus no autocatalysis, accumulation or subsequent burst of hydroxyl acids occurs, minimizing inflammation. Another advantage of electrospun nanofibers is their similarity to extracellular collagen matrix, which is native to cells.
The presented material manufactured by electrospinning (nanotechnology) meets the isolation expectations in an experimental model. This initial research indicates that this material modifies the cicatrisation process, demonstrates anti-adhesion potential and forms a fibroblast matrix. Other properties, such as the technological potential to modify the biodegradation time, lack of an inflammatory response in adjacent tissues and neuronal elements, and its components and metabolites (lactates), suggest that this material could be considered for application in postsurgical cicatrisation prevention.
Conclusions
The results gathered demonstrate that the isolating material composed of nanofibers does not induce inflammation in the animal (rat) model. This material does not induce either a connective tissue or glial scar formation or neurodegeneration when placed on healthy tissue. The nanofiber net applied on the in jured spinal cord can reduce formation of both investigated types of scar. These results suggest that the application of nanofiber nets positively contributes to the healing process of neurosurgical wounds.
